Abstract Large numbers of single nucleotide polymorphism (SNP) markers are now available for a number of crop species. However, the high-throughput methods for multiplexing SNP assays are untested in complex genomes, such as soybean, that have a high proportion of paralogous genes. The Illumina GoldenGate assay is capable of multiplexing from 96 to 1,536 SNPs in a single reaction over a 3-day period. We tested the GoldenGate assay in soybean to determine the success rate of converting veriWed SNPs into working assays. A custom 384-SNP GoldenGate assay was designed using SNPs that had been discovered through the resequencing of Wve diverse accessions that are the parents of three recombinant inbred line (RIL) mapping populations. The 384 SNPs that were selected for this custom assay were predicted to segregate in one or more of the RIL mapping populations. Allelic data were successfully generated for 89% of the SNP loci (342 of the 384) when it was used in the three RIL mapping populations, indicating that the complex nature of the soybean genome had little impact on conversion of the discovered SNPs into usable assays. In addition, 80% of the 342 mapped SNPs had a minor allele frequency >10% when this assay was used on a diverse sample of Asian landrace germplasm accessions.
The high success rate of the GoldenGate assay makes this a useful technique for quickly creating high density genetic maps in species where SNP markers are rapidly becoming available.
Introduction
Single nucleotide polymorphisms (SNPs) can be used as molecular markers for a variety of tasks in crop improvement including quantitative trait locus (QTL) discovery, assessment of genetic diversity, association analysis, and marker-assisted selection. SNPs have two main advantages over other molecular markers; they are the most abundant form of genetic variation within genomes (Zhu et al. 2003) , and a wide array of technologies have now been developed for high throughput SNP analysis (Fan et al. 2006a) . Only recently has there been large scale SNP discovery eVorts in a number of plant species to ascertain the level of DNA sequence variation and the eVects that evolutionary events have had on that variation Hyten et al. 2006; Schmid et al. 2003; Tenaillon et al. 2002 ).
An initial phase of a large-scale soybean SNP discovery eVort resulted in the identiWcation of 5,551 SNPs ). Since then, approximately 12,000 additional soybean SNPs have been identiWed (unpublished data). The consensus genetic linkage map created by Choi et al. (2007) contained 1,158 sequence tagged sites (STS), but these represented only 2,928 of the 5,551 SNPs and were mapped using low-throughput technologies involving limited multiplexing (i.e., 5-10 SNPs in a single reaction). The genetic mapping of the »2,600 remaining SNPs, along with »12,000 newly discovered SNPs, will require higherthroughput technologies to more quickly achieve the desired high-density soybean genetic map. Such a map is not only critical for assembly of the whole genome shotgun sequence but is also needed for the Wne mapping and cloning of agronomically important genes. While newer technologies have been reported to have far greater multiplex potential, they remain untested in species with highly duplicated genomes such as soybean.
The diploid soybean is believed to be an ancient tetraploid (Hymowitz 2004) . High levels of paralogous genomic sequence cause diYculties, not only in SNP discovery, but also in SNP detection. For example, Choi et al. (2007) found that 23% of the primers designed to 3Ј expressed sequence tags (EST) did not produce robust STS, due to ampliWcation of two or more loci. For the robust SNP-containing STS, Choi et al. (2007) redesigned PCR primers and single base extension primers for SNP detection using the Sequenom Mass Spectrometer MassARRAY™ technology. Of these assays, 33% did not yield a useable co-dominant assay, most likely due to paralogous sequence that interfered with the ampliWcation of a single PCR product (unpublished data from Choi et al. 2007 ).
The Illumina GoldenGate assay is capable of multiplexing from 96 to 1,536 SNPs in a single reaction over a 3-day period (Fan et al. 2003) . Recently, a custom GoldenGate assay was designed for barley (Hordeum vulgare) in which 91% of the SNP assays generated reliable allelic discrimination (Rostoks et al. 2006) . However, the barley genome contains only 16% paralogous genes compared to the 32% paralogous genes known to be present in soybean (Blanc and Wolfe 2004) . Many other plant species, such as maize (Zea mays), cotton (Gossypium hirsutum and G. arboretum), and wheat (Triticum aestivum) also have a high number of paralogous genes similar to soybean (Blanc and Wolfe 2004) , which might limit the high multiplexing capacity of the GoldenGate assay. Our objective was to determine if the GoldenGate assay will successfully function in a highly duplicated plant genome such as soybean.
Materials and methods

Plant materials
Mapping populations: Three mapping populations were used to position newly identiWed SNPs on the consensus genetic map (Song et al. 2004 ). The University of Utah "Minsoy" x "Noir 1" (MN) and Minsoy x "Archer" (MA) populations were described by Cregan et al. (1999a) and Mansur et al. (1995; 1996) . The University of Minnesota "Evans" x "Peking" (EP) population was described by Concibido et al. (1997) . Genomic DNA was obtained from the two parents and 89 recombinant inbred lines (RILs) of each of the three mapping populations from bulked leaf tissue of 20-50 plants of each line as described by Keim et al. (1988) . The MN and MA populations had been used in creating the current integrated genetic linkage map .
Diverse landraces: a group of 96 diverse landrace accessions were selected that consisted of plant introductions from China, Korea, and Japan (Supplementary Table 1 ). The landraces represent a range of geographic origin, morphological descriptors, and maturity classes to maximize the diversity sampled. Pure line seeds of all genotypes were obtained from the USDA Soybean Germplasm Collection (USDA-ARS, Univ. of Illinois, Urbana, IL). DNA was extracted from bulked leaf tissue of 20-50 plants of each accession as described by Keim et al. (1988) .
SSR mapping
The EP population had not previously been used in map integration eVorts, and its map was insuYciently populated with markers to ensure accurate positioning of all mapped SNPs. Therefore, the Evans and Peking parents were Wrst screened with the SSR markers mapped by Song et al. (2004) to identify a set of polymorphic markers spaced at about 10 cM intervals across each linkage group. The EP RILs were then genotyped for these SSRs, as described by Cregan et al. (1999a) . SSR allele size diVerences were determined on a non-denaturing polyacrylamide gel as described by Wang et al. (2003) , or with a 2% agarose gel.
SNP discovery and mapping
The SNPs chosen for the design of the 384 custom GoldenGate assay were selected from three sources of sequences previously determined to contain SNPs that were segregating in one or more of the RIL mapping populations described previously. The sources included gene or EST sequences, BAC-end sequences, and targeted BAC subclone sequences. Gene sequences containing SNPs were selected from the Beltsville Agricultural Research Center Soybean SNP database, found on the web at http:// bfgl.anri.barc.usda.gov/soybean/ ). BACend sequences for SNP discovery were obtained from sequences deposited in GenBank (http://www.ncbi. nlm.nih.gov), as a result of the Williams 82 physical map project (http://www.soybase.org). PCR primers were designed for these BAC-end sequences using Primer3 (Rozen and Skaletsky 2000) to amplify products in the 600-800 bp range. PCR primers were initially used to amplify Williams 82 DNA followed by DNA sequence analysis of the resulting amplicon on an ABI 3730 DNA Analyzer as described by Choi et al. (2007) . When high quality sequence data were obtained, the STS primers were then used to amplify and sequence genomic DNA of the Wve parents of the three mapping populations: Archer, Minsoy, Noir 1, Evans, and Peking. The sequence of the Williams 82 and the Wve parental genotype amplicons were then analyzed using the SNP-PHAGE software (Matukumalli et al. 2006 ) for the presence of SNPs which would segregate in one or more of the three RIL mapping populations. To obtain targeted BAC subclone sequences for SNP discovery, a Williams 82 BAC library (Marek and Shoemaker 1997) was screened with SSR markers within regions known to have veriWed QTL, as described by Cregan et al. (1999b) . The selected BACs were then subcloned and the insert isolated, also as described by Cregan et al. (1999b) . Sequencing of the insert was performed on the ABI 3730 DNA Analyzer. PCR primers were designed to the sequenced BAC subclone and SNP discovery was performed as described previously for the BAC-end sequences. All STS information along with PCR primer sequences for the 384 selected STS can be found in Supplementary Table 2. SNP-containing sequences were screened with RepeatMasker software (http://www.repeatmasker.org), using the three repeat databases obtained from Dr. Randy Shoemaker of the USDA-ARS, Ames, IA, Dr. Scott Jackson of Purdue Univ., West Lafayette, IN (http://www.soymap.org/); and Dr. Gary Stacy of the Univ. of Missouri, Columbia, MO (http://www.soybeangenome.org/). Repeats contained within the SNP-containing sequences were replaced with lowercase letters prior to submission to Illumina Inc. to undergo a preliminary design phase of the custom oligo pool all (OPA), which contains the allele-speciWc oligos and the locus-speciWc oligos for all SNPs included in the assay. A designability rank score was given to each SNP by Illumina, with the score ranging from 0 to 1.0, where a rank score of <0.4 has a low success rate, 0.4 to <0.6 has a moderate success rate, and >0.6 has a high success rate for the conversion of a SNP into a successful GoldenGate assay. A total of 384 SNPs with a designability rank score of 0.4 or higher were selected to be included in the OPA, except when multiple SNPs were located on the same STS, in which case only the SNP with the highest designability rank score was selected (the others were not used).
The GoldenGate assay was performed as per the manufacturer's protocol and as described in Fan et al. (2003) . BrieXy, a total of 5 l of 50 ng/ l in 10 mM Tris-HCL pH 8.0, 1 mM EDTA of genomic DNA was used to make single-use DNA. The single-use DNA underwent an allele speciWc oligonucleotide hybridization, which involves three oligos at each of the 384 diVerent SNP loci, thus comprising 1,152 custom oligos in the OPA. At each SNP locus, two of the oligos are allele-speciWc oligos that are complementary to the genomic sequence directly adjacent to the SNP being assayed except they diVer at the 3Ј base in order to be complementary with one of the two SNP alleles and each oligo has a universal primer site attached at the 5Ј end with one allele for each SNP having universal primer site sequence 1 which is 5Ј-ACTTCGTCAGTAACGGAC-3Ј and the other allele for each SNP having universal primer site sequence 2 which is 5Ј-GAGTCGAGGTCATATCGT-3Ј. The third oligo is a locus-speciWc oligo which hybridizes to the complementary sequence located between 1 and 20 bases downstream of the target SNP and has attached to the 5Ј end of the oligo universal primer site sequence 3 which is 5Ј-GTCTGCCTATAGTGAGTC-3Ј and located between the universal primer 3 and the complementary genomic sequence is an "IllumiCode" sequence which is unique to each SNP locus. The hybridization is followed by an extension and ligation step connecting one of the allelespeciWc oligos with the locus-speciWc oligo. This step is followed by universal PCR for all 384 loci with three universal primers which are complementary to the three universal primer site sequences described previously. Universal primer 1 is labeled with Cy3 and universal primer 2 is labeled with Cy5. After ampliWcation, the products are hybridized to a sentrix array matrix (SAM) for detection. The internal IllumiCode sequence is speciWc for each SNP locus and thus binds only to its complementary sequence attached to a bead on the SAM. The hybridized SAM is then analyzed on the Illumina BeadStation 500 G (Illumina, San Diego, CA). The automatic allele calling for each locus is accomplished with the GenCall software (Illumina, San Diego, CA). A genotype that is homozygous for one or the other SNP alleles will display a signal in either the Cy3 or Cy5 channel, whereas a genotype that is heterozygous will display a signal in both channels. All GenCall data were manually checked and re-scored if any errors in calling the homozygous or heterozygous clusters were evident.
The soybean SNP markers were Wrst mapped within each of the three mapping populations, and then all markers (SNPs and SSRs) were positionally integrated into one common integrated linkage map using JoinMap 3.0 (Van Ooijen and Voorrips 2001). Genetic distances were calculated using the Kosambi mapping function.
Results
The Illumina custom GoldenGate assay (hereafter termed SoyOPA-1) consisted of 384 SNPs from 380 separate STS, with the latter derived from 204 random gene sequences, 140 BAC-end sequences, and 36 targeted BAC subclone sequences. All SNPs chosen for SoyOPA-1 had been veriWed through forward and reverse sequencing of PCR amplicons from the Wve diverse genotypes which serve as mapping parents for three RIL mapping populations. The SoyOPA-1 was evaluated by assessing its performance in terms of mapping these 384 SNPs in the three RIL populations.
GenCall software output
The cluster separation score provided by the GenCall software for the three RIL mapping populations used was not a good indicator of the true cluster separation between the two homozygous classes. This is due to the GenCall cluster separation score being calculated on the degree of separation between the two homozygous clusters from the heterozygous cluster and not the degree of separation between the two homozygous clusters. Since our mapping populations were RIL populations that contain few to no heterozygotes, a cluster estimation based on the degree of separation between the two homozygous clusters would seem to be more informative on how well the GoldenGate assays functioned in soybean. Therefore, we calculated our own cluster separation score using the average separation between the two homozygote clusters based on the normalized theta value ((2/ )Tan ¡1 (Cy5/Cy3)) and converted this value to a 0.5-5 scale (Fig. 1) . As shown in Fig. 2 , the majority of SoyOPA-1 SNPs had good cluster separation. Because the genotypes scored in the three mapping populations were mostly inbreds, cluster separation values as low as 0.5 to 2.0 were still scorable. A total of 342 of the 384 assays (89%) had cluster separations of 0.5 or greater and thus, were classiWed as successful assays.
Genetic mapping of SNP loci
The MN and MA populations were used previously to position SNPs (via other assay technologies) into the current soybean integrated linkage map ). Thus, of the 342 successfully mapped SNPs, 256 SNPs were polymorphic in the MN and/or MA populations (Fig. 3 ) and were mapped with the map data from Choi et al. (2007) to add 256 new markers to the current integrated linkage map.
The EP population had not been used previously in the construction of the consensus soybean genome map and contained 86 SNPs that were uniquely polymorphic to this population (Fig. 3) . To facilitate a better integration of the linkage map formed from the EP population, 166 SSR markers with map positions distributed across the genome (and segregating in at least one of the four RIL mapping populations used by Choi et al. 2007 ) were genotyped in the EP population. These 166 SSR markers, along with the 96 SNP markers that also were in common between the EP population and either one or both of the MN and MA populations (Fig. 3) , aided in the integration of the EP population linkage map into the current consensus linkage map. The use of the three mapping populations allowed 334 SNPs to be integrated into the current consensus map which can be found at Beltsville Agricultural Research Center Soybean SNP database located on the web at http:// bfgl.anri.barc.usda.gov/soybean/. The map positions from this consensus map can also be found in the Supplementary Table 2 for the 334 integrated assays.
Allele frequency estimates in diverse germplasm
While we were able to successfully map 334 SNPs using SoyOPA-1, knowing the allele frequencies in diverse germplasm would help determine their usefulness in future eVorts aimed at QTL mapping, marker-assisted selection, or association analysis. The six mapping parent accessions Archer, Minsoy, Noir 1, Evans, Peking, and PI 209332 were previously found to possess 93% of the common SNPs (minor allele frequency >10%) that were present in a diverse sampling of 25 genotypes (Zhu et al. 2003) . However, it is not known how well Wve of the six genotypes used in the current three RIL mapping populations would serve to identify SNPs with high minor allele frequencies in a more diverse set of landraces. To answer this question, SoyOPA-1 was used to genotype 96 diverse landrace accessions. Figure 4 indicates a uniform distribution of minor allele frequencies in the 0.0-0.1, 0.1-0.2, 0.2-0.3, 0.3-0.4 and 0.4-0.5 classes, with only 72 (21%) of the 342 loci falling into a class wherein the minor allele frequency was less than 0.1. This uniform distribution of allele frequencies was expected due to the ascertainment bias of initially discovering SNPs in a small sample of Wve genotypes (Hartl and Clark 2007) . Fig. 1 Cluster separation using the average separation between the two homozygote clusters on the normalized theta value and converting this value to a 0.5-5 scale (0.5 = 0.1 normalized theta value separation, 1 = 0.2 normalized theta value separation, 2 = 0.4 normalized theta value separation, 3 = 0.6 normalized theta value separation, 4 = 0.8 normalized theta value separation, and 5 = 1.0 normalized theta value separation). The normalized R (y axis) is the normalized sum of intensities of the two channels (Cy3 and Cy5) and normalized theta (x axis) is ((2/ )Tan ¡1 (Cy5/Cy3)) where a normalized theta value nearest 0 is a homozygote for allele A and a theta value nearest 1 is a homozygote for allele B (Fan et al. 2006b ) 
Discussion
We have shown that a 384-SNP GoldenGate assay can be used successfully for SNP genotyping in soybean despite the high number of paralogous genes present in soybean. In total, SNP allelic data were obtained for 342 of the 384 SNPs in SoyOPA-1 and those SNPs were successfully mapped in one or more of the three populations (Fig. 3) . This 89% success rate of the GoldenGate assay is comparable with the 90% success rate previously reported in barley (Rostoks et al. 2006) , indicating that the greater degree of paralogous gene sequence in soybean will not be a factor in the design and use of future soybean GoldenGate assays. However, in a population with a large number of heterozygotes, SNPs with a cluster separation of 2 and below are unlikely to be scorable, i.e., the heterozygous cluster will not always be readily distinguishable from one or both of the homozygous classes. Of the 342 successful assays, 60 had cluster separations of <2. Therefore, in F 2 or backcross populations with high proportions of heterozygotes, the eYciency of converting a SNP into a GoldenGate assay would have decreased from 89 to 73%. Consequently, only GoldenGate-validated SNPs with good cluster separation (>2.0) should be selected for developing a custom OPA for F 2 or backcross mapping populations.
The compression of the two homozygous clusters is most likely due to soybean having a highly duplicated genome and the GoldenGate assay being sensitive to the number of copies (target locus + paralog/homoeolog) actually being assayed. An example of this is provided in data from the assay of SNP BARC_007900_00197 in the Minsoy x Noir 1 and Evans x Peking populations (Fig. 5) . The SNP, BARC_007900_00197, was found to be polymorphic between the parents of both populations through resequencing and should map to the same location in both populations. In the Minsoy x Noir 1 population, the AA homozygous cluster has a normalized theta of 0, the BB homozygous cluster has a normalized theta of 1.0, and the AB heterozygous cluster (only one RIL) has a normalized theta value of approximately 0.5. The assay for the same SNP in the Evans x Peking population shows compression of the BB homozygous cluster toward the AA cluster. The normalized theta value for the BB homozygous cluster is 0.6 and the AB heterozygous cluster has a normalized theta value of 0.25. When both populations are combined, the Evans x Peking BB homozygous cluster is clustering with the Minsoy x Noir 1 AB genotype. This suggests that in the Evans x Peking population there is an additional locus with identical sequence complementary to the genome speciWc oligos (identical or nearly identical paralog) being interrogated by the GoldenGate assay that was designed for SNP BARC_007900_00197. The allele for the nearly identical paralog matches the AA allele at the allele speciWc base hence increasing the background signal when the RIL genotype contains a BB allele at the BARC_007900_00197 SNP allele moving the allele cluster to 0.6. Most likely the paralog is not present in Minsoy or Noir 1 or there is sequence variation in the Minsoy x Noir 1 paralog that has interfered with the hybridization of the SNP BARC_007900_00197 GoldenGate assay oligos to the paralog. Despite this compression of the homozygous clusters, BARC_007900_00197 still had enough cluster separation to be successfully mapped in the Evans x Peking population and to map to the same map location as it did in the Minsoy x Noir 1 population suggesting that the GoldenGate assay is capable of mapping SNPs occurring on a sequence that has a nearly identical paralog somewhere else in the genome.
BARC_007900_00197 is a good example of why controls with known SNP alleles need to be run with the GoldenGate assay in a complex genome. In Fig. 5 Minsoy and Evans both have the AA allele while Peking and Noir 1 have the BB allele. A cross between Peking and Noir 1 would generate in the RIL population two clusters for BARC_007900_00197 at theta values of 0.6 and 1.0 mimicking a true polymorphic SNP with some cluster compression. In fact, without knowing that BARC_007900_00197 is not polymorphic between Peking and Noir 1 the SNP assay would be scored in this hypothetical population and the nearly identical paralog would be the locus mapped. In this 384 OPA we did not encounter this scenario since all SNPs were originally discovered through resequencing and were only scored and mapped if they had been originally determined to be polymorphic through the resequencing.
The higher multiplex custom assay of 1,536 SNPs uses the same chemistry as the 384-plex reactions. The large number of SNPs that can be analyzed using the GoldenGate assay would certainly accelerate mapping a current backlog of 14,000+ identiWed, but as yet unmapped soybean SNPs. This assay will also be helpful in conducting association In contrast, association analysis may be used in soybean to Wne map these QTL with much greater resolution . Still, even with a candidate QTL approach for association analysis, a large number of SNPs may be needed to eYciently Wne map QTL ). The high multiplex capacity of the GoldenGate assay allows the analysis of suYcient loci to provide the SNP density likely needed to successfully Wne map QTLs known to exist in a given 10-20 cM region using association analysis. However, the Illumina platform will also make conventional QTL discovery analyses much more eYcient. We have currently designed two new custom 1,536 SNP GoldenGate assays. Along with the 342 successful assays in SoyOPA-1 and preliminary data from the additional two sets of 1,536 assays suggesting a very similar assay success rate, there will be well over 3,000 successful GoldenGate assays from which to select 1,536 SNP loci to create a universal SoyOPA linkage panel for QTL discovery. For this panel, SNP loci will be selected based upon (1) equidistant map position within each of the 20 consensus linkage groups, (2) a cluster separation >2, and (3) a high minor allele frequency, not only with respect to the set of 96 exotic landraces, but also with regard to a set of 96 elite cultivars released between 1990 and 2000. The normalized R (y axis) is the normalized sum of intensities of the two channels (Cy3 and Cy5) and normalized theta (x axis) is ((2/ )Tan ¡1 (Cy5/Cy3)) where a normalized theta value nearest 0 is a homozygote for allele A and a theta value nearest 1 is homozygous for allele B (Fan et al. 2006b) This universal SoyOPA linkage panel will be quite useful for future QTL discovery research.
